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ABSTRACT
We have imaged 15 molecular-line emissions and the dust continuum emission around
the Class 0 protostellar source, IRAS 15398−3359, with ALMA. The outflow struc-
ture is mainly traced by the H2CO (Ka = 0 and 1), CCH, and CS emissions. These
lines also trace the disk/envelope structure around the protostar. The H2CO (Ka = 2
and 3), CH3OH, and SO emissions are concentrated toward the protostar, while the
DCN emission is more extended around the protostar. We have performed the princi-
pal component analysis (PCA) for these distributions on the two different scales, the
outflow and the disk/envelope structure. For the latter case, the molecular-line dis-
tributions are classified into two groups, according to the contribution of the second
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2principal component, one having a compact distribution around the protostar and the
other showing a rather extended distribution over the envelope. Moreover, the second
principal component value tends to increase as an increasing quantum number of H2CO
(Ka = 0, 1, 2, and 3), reflecting the excitation condition: the distribution is more com-
pact for higher excitation lines. These results indicate that PCA is effective to extract
the characteristic feature of the molecular line distributions around the protostar in an
unbiased way. In addition, we identify four blobs in the outflow structure in the H2CO
lines, some of which can also be seen in the CH3OH, CS, CCH, and SO emissions. The
gas temperature derived from the H2CO lines ranges from 43 to 63 K, which suggests
shocks due to the local impact of the outflow on clumps of the ambient gas.
Keywords: ISM: individual objects (IRAS 15398−3359) - ISM: molecules - stars: for-
mation
1. INTRODUCTION
Observations of protostellar envelope/disk systems around very young protostars are of fundamental
importance in elucidating physical and chemical evolution from protostellar cores to planetary sys-
tems. Thanks to high-resolution and high-sensitivity molecular-line observations with the Atacama
Large Millimeter/submillimeter Array (ALMA), a basic kinematic structure around a protostar, that
is a rotationally supported disk surrounded by an infalling-rotating envelope, has been revealed for
a number of low-mass protostellar sources (e.g., Codella et al. 2014; Sakai et al. 2014a,b; Ohashi et
al. 2014; Oya et al. 2014; Yen et al. 2015; Aso et al. 2017; Oya et al. 2016, 2018). Moreover, a com-
plex chemical structure in a disk/envelope system has also been recognized: molecular distributions
reflect the physical conditions, and hence, they are different from molecule to molecule and even
from transition to transition. (e.g., Sakai et al. 2014a; Oya et al. 2016, 2017, 2019; Lee et al. 2017;
Jacobsen et al. 2019). It is thus suggested that the molecular distributions can be used as a useful
tool to study physical processes of disk formation in the envelope.
3Recently, sensitive observations with a broad instantaneous bandwidth become popular in various
radio telescopes including ALMA, so that many molecular lines can be observed at a single observa-
tion. This situation enables us to obtain rich information on chemical composition as well as physical
structure. On the other hand, it takes huge efforts to characterize the distributions of all the observed
lines in a one-by-one way (e.g., Jørgensen et al. 2016; Imai et al. 2016; Watanabe et al. 2017). For this
reason, physical and chemical structures are often explored by using only a few selected lines, where
interpretations could be biased by the selection. To make a full use of the observed lines without any
preconception, introduction of a machine learning process is essential.
A principal component analysis (PCA) is a powerful method to characterize the distributions com-
prehensively (Jolliffe 1986). This method has already been used for radio astronomical observations
of molecular lines. It was conducted for large scale observation data for external galaxies and galactic
molecular clouds (e.g., Ungerechts et al. 1997; Meier & Turner 2005; Watanabe et al. 2016). Spezzano
et al. (2017) used this method to investigate the chemical structure of the L1544 starless core and
successfully highlighted four characteristic distributions. Thus, it is now important to apply this
method to various sources including protostellar sources.
IRAS 15398−3359 is a low-mass Class 0 protostellar source (Tbol=44 K; Jørgensen et al. 2013) in
the Lupus 1 molecular cloud (d =155 pc; Lombardi et al. 2008). Star formation activities of this
source were studied by observing a molecular outflow in the CO lines with single-dish telescopes
(Tachihara et al. 1996; van Kempen et al. 2009). On the other hand, chemical characteristics of this
source were investigated by Sakai et al. (2009). Based on single dish observations, they identified
this source as a warm carbon-chain chemistry (WCCC) source, which is rich in various carbon-chain
related molecules such as CCH, C4H, and CH3CCH on a few 1000 au scale around the protostar.
These molecules are produced through the gas phase reactions triggered by evaporation of CH4 from
the grain mantles in a lukewarm region (T∼30 K). IRAS 15398−3359 was actually the second WCCC
source discovered after L1527 (Sakai et al. 2008; Sakai, & Yamamoto 2013).
This source has been a good target for star formation studies in the ALMA era. Jørgensen et al.
(2013) conducted sub-arcsecond resolution observations toward IRAS 15398−3359. A ring structure
4of the H13CO+ (J = 4 − 3) emission was found at a 150∼200 au scale, which was proposed to be a
sign of a recent accretion burst: H13CO+ seems to be destroyed through the gas-phase reaction with
H2O evaporated due to the enhanced luminosity by the episodic accretion. The ALMA observations
of the HDO (10,1−00,0) emission revealed that it locally resides on the cavity wall near the protostar,
which was also interpreted in terms of the recent accretion burst (Bjerkeli et al. 2016b).
Oya et al. (2014) characterized the bipolar outflow extending along the northeast-southwest axis
on a 2000 au scale by observing the H2CO (51,5 − 41,4) line with ALMA at a resolution of 0.′′5 (∼80
au). By analyzing the kinematic structure of the outflow, they derived the inclination angle of the
disk/envelope structure to be 70◦ (0◦ for a face-on configuration), meaning that the outflow is blowing
almost parallel to the plane of the sky. This result is further confirmed by the CO observation with
SMA (Bjerkeli et al. 2016a). The upper limit to the protostellar mass is derived to be 0.09 M from
the velocity structure of the H2CO (51,5 − 41,4) emission (Oya et al. 2014), and 0.01 M from the
analysis of the C18O (J = 2 − 1) line (Yen et al. 2017) at a resolution of 0.′′5. In spite of such a
low protostellar mass, Oya et al. (2014) reported a high velocity component in the H2CO emission
toward the protostar position, which could possibly be ascribed to a disk structure. Indeed, Okoda
et al. (2018) found the Keplerian disk structure based on the observation of the SO line at a higher
angular resolution(∼0.′′2) with ALMA and determined the protostellar mass to be 0.007 +0.004−0.003 M.
Since this source is deeply embedded in a parent dense gas (Kristensen et al. 2012; Jørgensen et al.
2013), the protostar is likely to be young. Hence, the result by Okoda et al. (2018) indicates that
the disk formation has already started around a newly born protostar in its very early evolutionary
stage.
In this protostellar source, various molecular lines are detected on different scales with ALMA.
In this paper, we apply the PCA to the molecular-line and continuum images observed toward this
source to characterize their distributions.
2. OBSERVATION
The ALMA observations were carried out toward IRAS 15398−3359 in the Cycle 2 and Cycle 3
operations. Major points are summarized below.
5The Cycle 2 observation was conducted on 2015 July 20. Spectral lines of CCH, SO, and CS listed
in Table 1 were observed in the frequency range from 244 to 263 GHz with the Band 6 receiver.
The original synthesized beam size is 0.′′21×0.′′15 (P.A. 58◦) for the continuum image, while those of
the line images are summarized in Table 1. The rms noise levels for the continuum emission, the
CCH emission, the SO emission, and the CS emission are 0.12 mJy beam−1, 4 mJy beam−1, 4 mJy
beam−1, and 4 mJy beam−1, respectively, at a resolution of 61 kHz. Other details of the observations
are described elsewhere (Okoda et al. 2018).
The Cycle 3 observation was conducted on 2016 March 31. Spectral lines of H2CO, c-C3H2, CCH,
CH3OH, and DCN listed in Table 1 were observed in the frequency range from 349 to 365 GHz with
the Band 7 receiver. Forty-two antennas were used in the observations, where the baseline length
ranged from 14.70 to 452.72 m. The field center was (α2000, δ2000)= (15.
h43.m02.s242, −34◦09′06.′′70),
which was the same as that of the Cycle 2 observation. The total on-source time was 19.30 minutes.
The primary beam (half-power beam) width was 17.′′08. The backend correlator for molecular line
observations except for the DCN observation was set to a resolution of 122 kHz and a bandwidth
of 59 MHz, and that for the DCN observation was set to a resolution of 977 kHz and a bandwidth
of 938 MHz. It should be noted that the velocity of all spectral windows is blue-shifted by 2.5 km
s−1 due to the fault in the observation setting. Hence, we do not discuss the velocity structures and
only focus on the distribution of the molecules. The original synthesized beam size of the continuum
image is 0.′′48×0.′′45 (P.A. 83◦), while those of the lines are summarized in Table 1.
Images were prepared by using the CLEAN algorithm, where the Briggs’ weighting with a robustness
parameter of 0.5 was employed. The continuum image was obtained by averaging line-free channels,
and the line images were obtained after subtracting the continuum component directly from the
visibilities. Self-calibration was not applied in this study, because the continuum emission is not
bright enough. Since these largest angular sizes are 2.′′5 for both of these observations, the intensities
of the structures extended more than that size could be resolved-out.
In order to compare the molecular distributions at the same spatial resolution, the beam size was
set to be 0.5′′ × 0.5′′ by using a gaussian kernel with imsmooth, which is the task of the Common
6Astronomy Software Applications package (CASA) (McMullin et al. 2007) to smooth a data cube
across spatial dimensions. The pixel sizes were set to be (2048, 2048) for the whole observed area in
the CLEAN procedure.
Now, we have 16 images including the continuum emission. It should be noted that there are a
few pairs of lines unresolved in the observation. The velocity width of the line is typically 1.0−1.5
km s−1, as shown in Figure 1, which corresponds to 0.9−1.3 MHz and 1.2−1.8 MHz for the Band
6 and Band 7 observations, respectively. Hence, the hyperfine splitting of CCH (F = 5 − 4 and
4 − 3 of the N = 4 − 3, J = 9/2 − 7/2 transition) and that of CCH (F = 4 − 3 and 3 − 2 of the
N = 4− 3, J = 7/2− 5/2 transition) are not resolved. Similarly, the 91,8− 82,7 and 92,8− 81,7 lines of
c-C3H2 are degenerated, and the 100,10− 91,9 and 101,10− 90,9 lines of that are, too. These unresolved
pairs were treated as a single line. For the CCH (N = 3 − 2) lines (F = 4 − 3 and 3 − 2), a single
image was prepared in order to increase the signal-to-noise ratio.
3. MOLECULAR DISTRIBUTIONS
Figure 2 shows the continuum map and the moment 0 maps of the observed molecular lines, while
Figure 3 depicts their blow-ups around the protostar. Figures 2(a) and 3(a) show the 0.8 mm
continuum distribution (Cycle 3), whose peak intensity is 23.95±0.48mJy beam−1. The coordinates
of the peak are derived from a 2D Gaussian fit to the image: (α2000, δ2000)= (15.
h43.m02.s2359±0.0004,-
34◦09′06.′′8348± 0.0045), which are consistent with the previous reports (e.g., Oya et al. 2014; Okoda
et al. 2018). The continuum emission has a single peak with a circular distribution.
As shown in Figure 2, the distribution is different from molecular line to molecular line. The
outflow structure along the northeast-southwest axis reported previously (Oya et al. 2014; Bjerkeli
et al. 2016a; Okoda et al. 2018) can be seen particularly in the CCH, CS, and H2CO (Ka = 0 and 1)
lines. The outflow seems to have the double ring structures in the CS emission. This may be caused
by the episodic accretion (Bjerkeli et al. 2016a). The c-C3H2 emission does not have a component
clearly associated with the protostar. It traces a part of the outflow cavity wall of the southwestern
side. DCN seems to be distributed in the outflow cavity wall to some extent and also has a compact
7distribution around the protostar. The SO, CH3OH, and H2CO (Ka = 2 and 3) emissions reveal
blobs in the outflow as well as the compact distribution around the protostar.
In the blow-up version of the moment 0 maps (Figure 3), the component associated with the
protostar can be found in most of the observed lines except for the c-C3H2 lines. The disk/envelope
structure perpendicular to the outflow direction is seen more clearly. The CCH emission traces the
envelope extending from northwest to southeast (Okoda et al. 2018). Note that the distribution of
the CCH (N = 4− 3, J = 7/2− 5/2, F = 3− 3) line looks slightly different from those of the other
CCH lines. This is probably due to the low signal-to-noise ratio of the line. The CS emission seems to
be distributed over the envelope around the protostar. However, the CS emission in the southeastern
side of the envelope is brighter than that in the northwestern side, as shown in Figure 3(b). For
the CS emission, there is asymmetry in the distribution around the protostar, which is also seen for
the H2CO (Ka =0) emission. As above, the distributions of the observed molecular emissions look
different from one another. However, their classification by eye may suffer from our preconception,
and hence, an objective way to characterize the distributions is needed.
4. PRINCIPAL COMPONENT ANALYSIS
We conduct a principal component analysis (PCA) (Jolliffe 1986) for the two scales shown in
Figures 2 and 3 to explore similarities and differences of molecular line distributions and the Cycle
3 continuum distribution in an unbiased way. We exclude the Cycle 2 continuum data from the
analysis, because the signal-to-noise ratio is lower than that of the Cycle 3 continuum data. Thus,
we use 16 dimension dataset which consists of 15 molecular line data and the Cycle 3 continum data
for the whole structure. For the disk/envelope structure, we exclude c-C3H2 (91,8−82,7 and 92,8−81,7)
because there are not enough data above the threshold level defined below. We write the code for
the PCA by using python libraries, numpy,matplotlib, pandas, and astropy.
We represent the observed distribution of the j th emission as the vector xj. In PCA, we look
for the functions zi (i=1-16 or 1-15) formed by a linear combination of data xj (j=1-16 or 1-15),
where the i th function is uncorrelated with all the others. The main features can be extracted from
the multidimensional data set by picking up a few components of z, which have a large variance.
8Thus, this process means ”reduction” of the dimension. In this paper, these functions are obtained
by diagonalizing the correlation matrix, because the intensities are different from molecular line to
molecular line. In the calculation of the correlation coefficients between two intensity distributions,
the data above threshold levels for the both distributions are used. Three times the rms noise level
(Tables 2) is employed as the threshold level. The correlation matrices for the 16 or 15 distributions
(15 or 14 lines and one continuum) thus obtained for the whole structure and the disk/envelope
structure are shown in Tables 2 and 3, respectively. The matrix is diagonalized to find the orthogonal
linear functions called as the principal components. Here, their eigenvalues are also derived at the
same time. The i th principal component zi is denoted as PCi (i=1-16 or 1-15), where the number
i is assigned in a decreasing order of the eigenvalue (Tables 4 and 5 for the whole structure and the
disk/envelope structure, respectively). As the correlation matrix is used to find a set of orthogonal
linear functions, the principal components are defined as:
z = Ax∗, (1)
and
x∗j = xj/σ
1/2
jj , (2)
where A is the transformation matrix for the diagonalization of the correlation matrix, x* the
normalized distribution, and σjj the variance of xj. Hence, PCi is dimensionless. A contribution
ratio of each principal component is caluculated by dividing the eigenvalue by the dimension (16 or
15), as shown in Tables 4 and 5. It represents how much PCi contributes to all the original sample
distributions.
4.1. PCA of the whole structure
As mentioned above, we can almost reproduce the molecular-line and continuum distributions by
using only a few principal components. According to Table 4, PC1 and PC2 have the two largest
contribution ratios, 42.1 % and 20.3 %, respectively. The sum of the contribution ratios of the two
components is 62.4 %, which indicates that these two components can be regarded as the main
components. The contribution ratios of PC3 and PC4 are 8.7 % and 8.2 %, respectively, which are
9significantly smaller than that of PC2. Hence, we here discuss the first two components. In this
case, the observed images can approximately be reproduced by the linear combinations of the two
component images, which means the reduction of the original dimension of the images (16) to 2. PC3
and PC4 are discussed in Appendix A for reference.
Figures 4(a) and 4(b) show the maps of PC1 and PC2, respectively. PC1 represents an overall
shape of the outflow, two blobs in the outflow, and a component concentrated around the protostellar
position. PC2 mainly represents the disk/envelope structure. The foot of the outflow can also be
seen partly.
Contributions of the first two principal components for each molecular-line distribution are repre-
sented on the PC1-PC2 plane, as shown in Figures 4(c). Correlations between PC i (i =1−4) and
the observed distributions are also presented in Appendix B. Grey dashed ellipses in Figure 4(c)
represent the estimated errors due to noise, whose details are described in Section 4.3. The majority
of the line emissions and the continuum emission show the positive values of PC1, as shown in Figure
4(c). For this case, the positive and negative values on the PC2 axis can classify the samples into
two groups, one with a compact distributions around the protostar (Group 1) and the other showing
rather extended structures (Group 2), respectively. The CCH and CS lines as well as the H2CO
(Ka = 0) line belong to Group 2, which well trace the extended feature of the outflow. Indeed, these
lines are often employed as a tracer of the outflow cavity wall on a 1000 au scale (e.g., Codella et
al. 2014; Oya et al. 2015, 2019; Zhang et al. 2018). On the other hand, c-C3H2 (100,10 − 91,9 and
101,10 − 90,9), c-C3H2 (91,8 − 82,7 and 92,8 − 81,7) and CCH (N = 4 − 3, J = 7/2 − 5/2, F = 3 − 3)
have negative PC1 and positive PC2. This result represents that these molecular lines have a clumpy
feature in the outflow.
The molecular emissions distributed in the blobs are represented by the positive PC1 and positive
PC3 values (see Appendix A). These blobs are most likely a shocked region caused by a local impact
of the outflow on an ambient gas, as described below. The molecular lines showing the positive PC1
and the positive PC3 (H2CO, CS, CCH (N = 3 − 2), SO, and CH3OH) trace both or one of the
two blobs (Figure 7(c)). We finally identify four blobs (A-D in Figure 5) in the outflow structure by
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using the H2CO (Ka =1) line (Table 6). They are also seen in the other H2CO lines, although blobs
B and C can hardly be seen in the highest excitation lines of H2CO (Ka = 3). Blob D is bright in the
CS and SO emissions, although blob A is seen in the CS and CCH (N = 3 − 2) lines. The CH3OH
emission has an extended distribution from the protostar to blob A.
The gas kinematic temperature for each blob is evaluated from the detected H2CO lines under
the non-LTE (local thermodynamic equilibrium) method assuming the large velocity gradient (LVG)
approximation. The data used in the analysis are shown in Table 7. The derived gas kinematic
temperature ranges from 43 K to 63 K (Table 8). Such high temperatures as well as absence of
associated continuum emission indicate that the four blobs should be the shocked regions caused by
the outflow impact. It seems that a local shock is occurring on the cavity wall by the interaction
with an ambient gas. This situation is also pointed out for blob A by Oya et al. (2014). Such a
shocked region can be seen in L1157 B1, where strong emissions of various molecules including H2CO,
CS, SO, and CH3OH are detected (e.g., Bachiller, & Pe´rez Gutie´rrez 1997; Benedettini et al. 2007;
Codella et al. 2010). These molecules are thought to be liberated from dust grains and/or produced
through the gas-phase shock chemistry. Detailed comparison with the L1157 B1 result for exploring
shock chemistry would require observations of more molecular lines including SiO.
4.2. PCA of the disk/envelope structure
The PCA for the observed distributions in the narrower range (Figure 3) is helpful to investigate
the chemical structure around the protostar in more detail. We use 14 molecular line data except
for c-C3H2 (91,8 − 82,7 and 92,8 − 81,7) in addition to the Cycle 3 continuum data. Table 5 shows the
eigenvalues and eigenvectors obtained by diagonalizing the correlation matrix. On the disk/envelope
scale, PC1 and PC2 stand for 76.7 % of the contribution ratio. The molecular distributions can
mostly be reproduced by only the first two components, so that we here discuss PC1 and PC2.
The contribution ratio of PC3 is 8.5 %, which is similar to that of PC4 (7.8 %). PC3 and PC4
are discussed in Appendix A for reference. Correlation between PC i (i =1−4) and the observed
distributions are presented in Appendix B.
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In Figure 6(a), PC1 shows the distribution centered near the protostellar position with extension
along the northwest-southeast direction. This component apparently represents the disk/envelope
structure. All the molecular lines except for CCH (N = 4 − 3, J = 7/2 − 5/2, F = 3 − 3) and
c-C3H2 (100,10 − 91,9 and 101,10 − 90,9) have the positive PC1 component, as shown in Figures 6(c).
Here, grey dashed ellipses represent the estimated errors (Section 4.3). The exception for CCH
(N = 4− 3, J = 7/2− 5/2, F = 3− 3) and c-C3H2 (100,10− 91,9 and 101,10− 90,9) means that they are
not mainly distributed in the disk/envelope system, as noted in Section 3 and 4.1. PC2 has negative
values at almost all the positions with two large negative peaks at the both sides of the protostellar
position (Figure 6(b)). Its ’red part’ in the northeastern and southwestern extension is close to zero.
SO shows the large positive value for the PC2 axis, as shown in Figure 6(c). This result means that
its distribution is very compact toward the protostar: the southeastern and northwestern extension
of PC1 is almost compensated by the positive PC2. It is consistent with our previous finding of the
compact SO distribution (Okoda et al. 2018). Similarly, the lines showing positive PC1 and positive
PC2 have a compact distribution around the protostar (Group A). On the other hand, the lines
showing positive PC1 and negative PC2 have a rather extended distribution (Group B). Thus, PC2
can be an indicator of how much the distribution is concentrated.
For the two large negative peaks of PC2, the southeastern side of the protostar has a stronger peak
than the northwestern side (Figure 6(b)). This feature contributes to an asymmetric distribution
in the disk/envelope system. The CS and H2CO (Ka = 0) distributions are clearly brighter in the
southeastern side, and hence, the PC2 values take a negative value. The chemical composition seems
azimuthally non-uniform even in the protostellar envelope, as revealed in the other sources (Sakai et
al. 2016; Oya et al. 2017).
Moreover, we focus on the behavior of the H2CO lines with different upper state energies along the
PC2 axis in Figure 6(c). For para H2CO, the Ka = 2 line shows the positive contribution of PC2,
while the Ka = 0 line shows the negative contribution. Likewise, ortho H2CO reveals a similar trend:
the Ka = 3 lines take the larger positive value of PC2, while the Ka = 1 line takes the negative
PC2. This trend represents that the emissions of the higher excitation lines (i.e., higher Ka lines)
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tend to be more concentrated around the protostar. This is reasonable because the gas temperature
and the gas density are expected to be higher as approaching to the protostar. The gas kinematic
temperature is calculated to be 55 K (Table 8) by using the non-LTE calculation applied to the
analysis of the blobs. The gas is significantly heated near the protostar.
4.3. Effect of noise
In order to evaluate the uncertainties for the PCA (Gratier et al. 2017; Spezzano et al. 2017),
we derive the standard deviations for the principal component values of each molecular line in the
following way. We generate Gaussian random noise for each pixel of the image field of each molecular
or continuum distribution, and the noise distribution is convolved by the beam size of the observation
(0.5′′×0.5”). The standard deviation of the convolved noise image is adjusted to be one standard
deviation of the observed noise. The artificial noise thus prepared for each molecular or continuum
distribution is added to the observed distribution, and then, the PCA is conducted. This procedure
is repeated 1000 times, and the standard deviations of the PCA components are finally calculated.
In Figures 4(c), 6(c), 7(c,d), and 8(c,d), the grey dashed ellipses represent the uncertainties, whose
major and minor axes are the standard deviation for each axis. On the whole-structure scale, all the
standard deviation for PC1 is lower than 0.1. c-C3H2 (100,10−91,9 and 101,10−90,9) shows the largest
standard deviation for PC2 (0.17). The standard deviation for most molecular lines is less than 0.1
for PC2. Since the signal-to-noise ratio is high for the H2CO (Ka =0) line, the standard deviation is
smaller than 0.06 for PC1 and PC2. For PC3 and PC4, the standard deviation is from 0.06 to 0.2,
which is slightly larger than those for PC1 and PC2 (Appendix A).
The standard deviation of the PCA components for the disk/envelope scale is comparable to that
for the whole-structure scale. Even the molecular lines having the rather poor signal-to-noise ratio,
such as c-C3H2 (100,10−91,9 and 101,10−90,9), CCH (N = 4−3, J = 7/2−5/2, F = 3−3), CH3OH, and
DCN, show the standard deviation smaller than 0.1 for PC1. c-C3H2 (100,10 − 91,9 and 101,10 − 90,9),
CCH (N = 4 − 3, J = 7/2 − 5/2, F = 3 − 3), and DCN have the standard deviation smaller than
0.15 for PC2. While most lines have the standard deviation of 0.1−0.2 for PC3 and PC4, CCH
(N = 4− 3, J = 9/2− 7/2, F = 4− 3), (N = 4− 3, J = 7/2− 5/2, F = 4− 3 and F = 3− 2), H2CO
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(Ka =0, 1, and 2), and the dust continuum show the value smaller than 0.1. As a result, we find
that our results of the PCA and the related discussions described above are not essencially changed
by the effect of noise.
5. COMPARISON WITH THE OTHER PROTOSTELLAR SOURCES
As mentioned in Introduction, IRAS 15398−3359 is regarded as a WCCC source which is rich in
carbon-chain molecules on a few 1000 au scale. Molecular distributions observed in the disk/envelope
region (∼100 au scale) of this source are therefore compared with those of the other WCCC sources.
In the prototypical WCCC source L1527, Sakai et al. (2014a,b) reported the chemical structure
around the protostar with ALMA. According to their result, CCH, CS, and c-C3H2 mainly trace
the infalling-rotating envelope gas outward of its centrifugal barrier, while SO mainly exists near the
centrifugal barrier and partly inward of it. H2CO resides over the disk/envelope region, and CH3OH
seems to exist around the centrifugal barrier and in the disk region. For TMC-1A, which is the
WCCC source in the Class I stage, the distributions of CS, SO, and SO2 were observed with ALMA
by Sakai et al. (2016). In this source, CS also traces the infalling-rotating envelope gas, while SO
seems to trace the centrifugal barrier.
These characteristic features are indeed found in IRAS 15398−3359. In the PCA for the
disk/envelope structure, PC2 shows that CCH and CS can be classified to one group (Group B
in Figure 6) showing the existence in the infalling-rotating envelope, while SO and CH3OH can be
classified to another group (Group A in Figure 6) revealing more compact distributions. On the
other hand, the H2CO lines take different PC2 component values depending on their upper-state
energy. This feature of H2CO is consistent with that found in L1527, where H2CO resides over the
disk/envelope region.
An exception is c-C3H2. While this species clearly traces the infalling-rotating envelope in L1527,
it shows a rather different distribution in IRAS 15398−3359. In order to compare the c-C3H2 abun-
dances between L1527 and IRAS 15398−3359, we derive the column density ratios of c-C3H2 relative
to H2CO at the intensity peak positions of the c-C3H2 (100,10 − 91,9 and 101,10 − 90,9) line (Figure
3(f)) by using the RADEX code (van der Tak et al. 2007). Here, the northwestern and southeastern
14
peak positions are (15.h43.m02.s20, −34◦09′06.′′80) and (15.h43.m02.s28, −34◦09′07.′′40), respectively (Fig-
ure 3(f)). The assumptions are as follows: the ortho para ratio of H2CO is 3 (statistical value), the
H2 density 10
6 cm−3, and the gas kinematic temperature from 20 K to 40 K. We employ only the
H2CO (Ka = 0) line to estimate the column density of H2CO, because the other lines (Ka = 1, 2,
and 3) are weak at the intensity peaks of the c-C3H2 (100,10 − 91,9 and 101,10 − 90,9) line. On the
above assumptions, the column densities of ortho c-C3H2 and ortho H2CO for the northwestern side
are (0.14−0.85)×1014 cm−2 and (0.72−2.5)×1014 cm−2, respectively. Those for the southeastern side
are (0.12−0.75)×1014 cm−2 and (0.92−3.5)×1014 cm−2, respectively. A large column density range
is due to the assumed temperature range. The c-C3H2/H2CO ratio is calculated from the column
densities derived at the same assumed temperature. In this case, the temperature dependence is
mitigated. The ratios for the northwestern and southeastern sides are from 0.2 to 0.3 and from 0.1 to
0.2, respectively. These values are comparable to that found toward L1527 (0.17−0.36; Sakai et al.
2014b). Hence, the abundance of c-C3H2 is not very different between this source and L1527. The
peculiar distribution of c-C3H2 might be due to the overwhelming contribution of the outflow in this
source, which is not significant in L1527.
It is interesting to note that the above characteristic distributions of molecules can also be seen
in the hybrid sources, L483 and B335, where the envelope and its inner most part show WCCC
and hot corino chemistry, respectively (Imai et al. 2016; Oya et al. 2017). Hot corino chemistry
is characterized by rich existence of saturated complex organic molecules such as HCOOCH3 and
(CH3)2O (Bottinelli et al. 2004; Sakai, & Yamamoto 2013). In these sources, the CCH distribution
is extended over the envelope with deficiency toward the protostar. CS traces the infalling-rotating
envelope and the inward component, while SO mainly traces the region within the centrifugal barrier.
Although the central concentration of CS looks different from the case of the WCCC sources including
IRAS 15398−3359, the overall feature is similar. At present, the origin of the different feature of
CS between the WCCC sources and the hybrid sources is puzzling. This may originate from an
insufficient resolution. In addition, chemical behavior of sulfur-bearing species in the protostellar
15
core has not been investigated well by the chemical model yet (e.g., Aikawa et al. 2008, 2012). This
will be an important target for future astrochemical study.
6. SUMMARY
We have imaged IRAS 15398−3359 in 15 molecular lines and the dust continuum emission and
have conducted the PCA for characterization of their distributions. The PCA has been performed
on the two different scales.
On the whole structure scale, we apply the PCA to 16 dataset consisting of 15 molecular line data
and the Cycle 3 continuum data. PC2 can classify the samples having the positive PC1 into two
groups, one with compact distributions around the protostar (Group 1) and the other showing rather
extended structures (Group 2) (Figure 4). The molecular lines in the latter group well trace the
outflow structure. The local peaks in the map of PC1 represent the blobs in the outflow, which are
probably shocked regions caused by the impact of the outflow on an ambient gas.
On the disk/envelope scale, we use 15 dataset except for c-C3H2 (91,8 − 82,7 and 92,8 − 81,7) for the
PCA. The combination of PC1 and PC2 shows how much the distribution is concentrated toward
the protostar. More compact distributions of the H2CO lines with higher upper-state energies are
revealed by PC2. The characteristic molecular distributions revealed by the PCA are consistent with
these in the other WCCC sources, L1527 and TMC-1A. Thus, the PCA helps us to characterize the
molecular line distributions without preconception. It should also be noted that the result of the
PCA depends on the field range which we select. Hence, it is important to determine a suitable
range of interest for the PCA depending on a scientific purpose. Expanding the dataset will further
improve the analysis of this source. More systematic observations of various molecular lines toward
this source as well as application of the PCA to various sources are awaited.
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APPENDIX
A. THE THIRD AND FOURTH PRINCIPAL COMPONENTS
In the PCA, the first two principal components (PC1 and PC2) can almost reproduce the molecular
distributions on the both scales. PC3 and PC4 have the similar contribution ratios, which are
significantly smaller than PC2. Nevertheless, PC3 and PC4 show some trends in the distributions.
Here, we briefly discuss their features.
On the whole structure scale, PC3 and PC4 indicate the characteristic features for a few molecular
lines. Figures 7(a) and (b) show the maps of PC3 and PC4, respectively. PC3 represents the two
blobs in the outflow as PC1, where the southwestern one is brighter in PC3 than the northeastern
one in contrast to PC1. Hence, the SO line showing a southwestern blob takes the large PC3 value,
as shown in the PC1-PC3 plane (Figure 7(c)). PC3 also has a negative component near the protostar
position, which results in the large positive contribution of c-C3H2 (91,8 − 82,7 and 92,8 − 81,7) and
the negative contribution of DCN (Figure 7(c)). Meaning of PC4 is not as clear as PC3. According
to the correlations between PC4 and the molecular distributions (Figure 9), PC4 mainly contributes
to representing the peculiar distribution of c-C3H2 (100,10 − 91,9 and 101,10 − 90,9). As shown in the
PC1-PC4 plane, c-C3H2 (100,10 − 91,9 and 101,10 − 90,9) has the large negative value along PC4 axis.
As in the case of the whole structure scale, PC3 and PC4 also represent the peculiar distributions
of some molecular lines on the disk/envelope scale. PC3 has the positive and negative distributions
around the protostar position in Figure 8(a). Hence, it represents the asymmetry of the distribution
in the disk/envelope structure. According to the correlations between PC3 and the molecular dis-
tributions (Figure 9), PC3 represents a characteristic feature of DCN and H2CO (K = 3u): these
molecular lines have the large PC3 value (Figure 8 (c)). PC4 solely looks like the distribution of
CCH (N = 3− 2, J = 7/2− 5/2, F = 4− 3 and 3− 2) (Figures 8 (b) and 3 (p)). It can also be seen
in Figure 9.
19
B. CORRELATION COEFFICIENTS OF THE PRINCIPAL COMPONENTS TO THE
MOLECULAR DISTRIBUTIONS
We calculate the correlation coefficients between the principal components and the molecular dis-
tributions on the whole structure and disk/envelope scales, as shown in Figures 9(a) and 9(b),
respectively. These results help us to understand which molecular line distributions the principal
component contributes to. These values are defined as (Jolliffe 1986):
Cor(x∗j,yi) =
√
λizji, (B1)
where λi is the eigenvalue for the i th eigenvector zi, yi the distribution for the i th principal
component, and zji the eigenvector component for the j th emission. On the whole structure scale,
the correlation coefficients of PC1 to most of the molecular distributions are higher than 0.5, which
means that PC1 represents the overall structure. PC2 is positively correlated with the molecular
distributions mainly showing the clumpy structures in the outflow as discussed in Section 4.1. PC3
and PC4 are correlated with the peculiar distributions traced by some molecular lines, as described
in Appendix A. On the disk/envelope scale, PC1 is well correlated with most of the distributions,
indicating that it represents the overall disk/envelope structure. PC2 has a negative correlation with
the molecules having the distribution mainly in the envelope around the protostar. The positive
correlation coefficient between PC2 and SO means the compact distribution. PC3 shows the large
correlation with DCN and H2CO (Ka =3u). PC4 is well correlated with CCH (N = 3 − 2, J =
7/2 − 5/2, F = 4 − 3 and 3 − 2), whose correlation coefficient is almost 1. This indicates that PC4
represents the peculiar distribution of this line.
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Table 6. Positions of the H2CO Blobs
Position R.A. (J2000) Decl. (J2000)
A 15.h43.m02.s47 −34◦09′04.′′94
B 15.h43.m02.s25 −34◦09′05.′′55
C 15.h43.m02.s07 −34◦09′09.′′23
D 15.h43.m02.s08 −34◦09′10.′′63
Center 15.h43.m02.s24 −34◦09′06.′′83
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Table 7. Line Parameters at the H2CO Blobs
Position Transition Tpeak (K) VLSRK(km s
−1) FWHM (km s−1)
A Ka=0 6.5 (0.15) 4.6 (0.01) 0.9 (0.04)
Ka=1 10 (0.22) 4.6 (0.02) 1.1 (0.06)
Ka=2 2.0 (0.08) 4.6 (0.03) 0.9 (0.04)
Ka=3u 1.3 (0.09) 4.6 (0.05) 0.9 (0.07)
Ka=3l 1.5 (0.07) 4.5 (0.03) 0.9 (0.04)
B Ka=0 3.4 (0.21) 3.2 (0.08) 1.4 (0.06)
Ka=1 5.6 (0.44) 3.5 (0.30) 1.5(0.06)
Ka=2 0.6 (0.08) 3.2 (0.21) 1.5 (0.14)
Ka=3u 0.6 (0.08) 2.8 (0.07) 1.1 (0.14)
Ka=3l 0.3 (0.05) 3.4 (0.13) 1.1 (0.22)
C Ka=0 1.7 (0.15) 1.0 (0.24) 1.9 (0.14)
Ka=1 4.5 (0.33) 1.0 (0.24) 2.1 (0.11)
Ka=2 0.6 (0.04) 0.7 (0.16) 1.6 (0.14)
Ka=3u 0.3 (0.09) 0.6 (0.11) 0.9 (0.31)
Ka=3l 0.4 (0.05) 0.9 (0.12) 1.4 (0.20)
D Ka=0 4.5 (0.22) 2.1 (0.04) 1.1 (0.04)
Ka=1 7.6 (0.39) 2.0 (0.04) 1.2 (0.05)
Ka=2 1.1 (0.05) 2.1 (0.04) 1.0 (0.05)
Ka=3u 0.5 (0.05) 2.0 (0.10) 1.3 (0.16)
Ka=3l 0.6 (0.06) 2.1 (0.06) 0.9 (0.10)
Center Ka =0 6.0 (0.13) 3.0 (0.01) 0.9 (0.02)
Ka=1 8.0 (0.46) 3.1 (0.04) 1.1 (0.07)
Ka=2 1.9 (0.08) 3.0 (0.03) 0.9 (0.04)
Ka=3u 0.8 (0.06) 2.7 (0.09) 1.6 (0.16)
Ka=3l 0.7 (0.06) 3.0 (0.08) 1.4 (0.14)
Note—Measured for a circular area in Figure 6 with a diameter of 155 au. ’Center’ denotes the protostar position. The line parameters
are obtained by using gaussian-fitting. The numbers in parentheses represent the gaussian-fitting errors. Ka=0, Ka=1, Ka=2, Ka=3u,
and Ka=3l denote H2CO (50,5 − 40,4), (51,5 − 41,4), (52,4 − 42,3), (53,2 − 43,1), and (53,3 − 43,2), respectively.
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Table 8. Gas Kinematic Temperatures and Column Densities of the Blobs
Blob Column density (1014 cm−2) Tgas (K) ortho/para
Center 0.87± 0.05 55 ± 2 1.7± 0.13
A 0.83± 0.0 63 ± 2 2.0 ± 0.09
B 0.66±0.06 43±3 2.3± 0.26
C 0.48 ±0.04 54± 4 3.3± 0.39
D 0.78±0.06 45± 2 2.4±0.2
Note— The H2 density is assumed to be 106 cm−3. The derived values are not much different even if the H2 densitiy is 105 cm−3 or 107
cm−3. The errors are derived from the least-squares analysis on the intensities of five H2CO lines. ’Center’ denotes the protostar position.
28
-1
-0.5
 0
 0.5
 1
 1.5
 2
 2.5
 3
 3.5
 4
 4.5
-5 -3 -1  1  3  5  7  9  11  13  15
T[
K]
Velocity[km/s]
CCH
-2
-1
 0
 1
 2
 3
 4
 5
 6
 7
T[
K]
CS
-0.5
 0
 0.5
 1
 1.5
 2
T[
K]
SO
???
???
???
-5 -3 -1  1  3  5  7  9  11  13  15
Velocity[km/s]
-5 -3 -1  1  3  5  7  9  11  13  15
Velocity[km/s]
F=4-3 F=3-2
Figure 1. Examples of the spectra of the CCH (N = 3 − 2, J = 7/2 − 5/2, F = 4 − 3 and 3 − 2), CS,
and SO lines observed toward the protostellar position. A systemic velocity is 5.2 km s−1. In the CCH
spectrum, two hyperfine components (F = 4− 3 and 3− 2) are seen, where an intensity dip near the center
of each component is due to self-absorption by a foreground gas. In the imaging, these two lines are stacked
to improve the signal-to-noise ratio (See Section 2).
29
????????
????????
??? ??????????????????????????
????????
????????
??? ???
??
????
???
??
????
??
??
???????????????????????
????????
????????
??? ???
??
????
???
??
????
??
??
???????????????????????
????????
????????
??? ??????????????????????????
????????
????????
??? ??????????????????????????
???????????????????
????????
????????
??? ???
??
????
???
??
????
??
??
???????????????????????
??????????
?????????????
??? ???
??? ???
??? ???
????????????????????????????????
???????????????????
????????????????????????????????????
????
????
????
???
???
??
???
??
???????
????
?????
????
????
?????
????
???? ???
???
??
???
??
???
????
?????
????
?????
????
???
???
??
???
??
???
????
?????
????
????
????
????? ?
???
??
??
???
??
??? ????
?????
???
???
???
??
???
??
???
????
????
????
???
???
??
???
??
???
?????? ??????
????????????
????????????
Figure 2. (a) The 0.8 mm continuum image and (b-p) the moment 0 maps of 15 molecular lines. The
area enclosed by a white dashed line shows the blow-up area for Figure 3. The red circle in the bottom
right corner of each map shows the beam size, which is unified to be 0.5′′×0.5′′. The cross marks show the
continuum peak position. Contour levels are every σ, every 2σ, every 3σ, every 5σ, and every 10σ from 3σ
for (l, p), (n), (b-f, h-k, m), (g) and (a, o) respectively. 3σ is listed in Table 2.
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Figure 2. continued.
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Figure 2. continued.
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Figure 3. The blow-ups of Figure 1 around the protostar. The outflow and envelope direction (P.A. 130
deg) are drawn with the arrows and the dashed line, respectively, in the panel (a). The blue cross marks in
the panel (f) represent the peak positions for the calculation of the column density ratios relative to H2CO
in Section 5. The circle in the bottom shows the beam size. The black cross marks show the continuum
peak position. Contour levels are the same as those of Figure 2.
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Figure 3. continued.
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Figure 3. continued.
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Figure 4. (a,b) The principal components PC1 and PC2 for the whole-scale structure (Figure 2). (c)
The plot of the principal components for each distribution on the PC1-PC2 plane. The cross marks show
the continuum peak position. The red dashed circles show the groups of the compact distribution (Group
1) and the extended distribution (Group 2). The grey dashed ellipses represent the uncertainties (See
Section 4.3). Blobs in (a) is consistent with the blobs A and D in Figure 5. c-C3H2 (10 − 9), (9 − 8),
CCH (N = 3 − 2), (N = 4 − 3 a), (N = 4 − 3 b), (N = 4 − 3 c), H2CO (Ka=0), (Ka=1), (Ka=2),
(Ka=3u), and (Ka=3l) denote c-C3H2 (100,10 − 91,9 and 101,10 − 90,9), c-C3H2 (91,8 − 82,7 and 92,8 − 81,7),
CCH (N = 3 − 2, J = 7/2 − 5/2, F = 4 − 3 and 3 − 2), (N = 4 − 3, J = 7/2 − 5/2, F = 3 − 3),
(N = 4− 3, J = 7/2− 5/2, F = 4− 3 and 3− 2), (N = 4− 3, J = 9/2− 7/2, F = 5− 4 and 4− 3), H2CO
(50,5 − 40,4), (51,5 − 41,4), (52,4 − 42,3), (53,2 − 43,1), and (53,3 − 43,2), respectively.
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Figure 5. Blobs in the outflow indicated on the moment 0 map of H2CO (Ka =1). The positions of the
blobs are listed in Table 6. The red circle shows the beam size of 0.′′5×0.′′5.
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Figure 6. (a,b) The principal components PC1 and PC2 for the disk/envelope structure (Figure 3). (c)
The plot of the principal components for each distribution on the PC1-PC2 plane. The cross marks show the
continuum peak position. The contours are drawn with the solid and dotted lines, which mean the positive
and negative levels, respectively. The contour level interval is 1.0 starting from 0.0. The red dashed circles
show the groups of the compact distribution (Group A) and the extended distribution (Group B). The grey
dashed ellipses represent the uncertainties (See Section 4.3). c-C3H2 (10− 9), CCH (N = 3− 2), (N = 4− 3
a), (N = 4− 3 b), (N = 4− 3 c), H2CO (Ka=0), (Ka=1), (Ka=2), (Ka=3u), and (Ka=3l) denote c-C3H2
(100,10 − 91,9 and 101,10 − 90,9), CCH (N = 3 − 2, J = 7/2 − 5/2, F = 4 − 3 and 3 − 2), (N = 4 − 3, J =
7/2− 5/2, F = 3− 3), (N = 4− 3, J = 7/2− 5/2, F = 4− 3 and 3− 2), (N = 4− 3, J = 9/2− 7/2, F = 5− 4
and 4− 3), H2CO (50,5 − 40,4), (51,5 − 41,4), (52,4 − 42,3), (53,2 − 43,1), and (53,3 − 43,2), respectively.
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Figure 7. (a,b) The principal components PC3 and PC4 for the whole-scale structure (Figure 2). (c,d)
The plot of the principal components for each distribution on the PC1-PC3 and PC1-PC4 planes. The
cross marks show the continuum peak position. The grey dashed ellipses represent the uncertainties (See
Section 4.3). Blobs in (a) is consistent with the blobs A and D in Figure 5. c-C3H2 (10 − 9), (9 − 8),
CCH (N = 3 − 2), (N = 4 − 3 a), (N = 4 − 3 b), (N = 4 − 3 c), H2CO (Ka=0), (Ka=1), (Ka=2),
(Ka=3u), and (Ka=3l) denote c-C3H2 (100,10 − 91,9 and 101,10 − 90,9), c-C3H2 (91,8 − 82,7 and 92,8 − 81,7),
CCH (N = 3 − 2, J = 7/2 − 5/2, F = 4 − 3 and 3 − 2), (N = 4 − 3, J = 7/2 − 5/2, F = 3 − 3),
(N = 4− 3, J = 7/2− 5/2, F = 4− 3 and 3− 2), (N = 4− 3, J = 9/2− 7/2, F = 5− 4 and 4− 3), H2CO
(50,5 − 40,4), (51,5 − 41,4), (52,4 − 42,3), (53,2 − 43,1), and (53,3 − 43,2), respectively.
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Figure 8. (a,b) The principal components PC3 and PC4 for the disk/envelope structure (Figure 3). (c,d)
The plot of the principal components for each distribution on the PC1-PC3 and PC1-PC4 planes. The
cross marks show the continuum peak position. The contours are drawn with the solid and dotted lines,
which mean the positive and negative levels, respectively. The contour level interval is 1.0 starting from 0.0.
The grey dashed ellipses represent the uncertainties (See Section 4.3). c-C3H2 (10− 9), CCH (N = 3− 2),
(N = 4 − 3 a), (N = 4 − 3 b), (N = 4 − 3 c), H2CO (Ka=0), (Ka=1), (Ka=2), (Ka=3u), and (Ka=3l)
denote c-C3H2 (100,10 − 91,9 and 101,10 − 90,9), CCH (N = 3 − 2, J = 7/2 − 5/2, F = 4 − 3 and 3 − 2),
(N = 4 − 3, J = 7/2 − 5/2, F = 3 − 3), (N = 4 − 3, J = 7/2 − 5/2, F = 4 − 3 and 3 − 2), (N = 4 − 3, J =
9/2− 7/2, F = 5− 4 and 4− 3), H2CO (50,5− 40,4), (51,5− 41,4), (52,4− 42,3), (53,2− 43,1), and (53,3− 43,2),
respectively.
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Figure 9. (a,b) Correlation coefficients between the first four principal components and the molecular
distributions of the whole-structure and disk/envelope scales, respectively.
